A cystic fibrosis trachea cDNA library was constructed and probed with a synthetic oligonucleotide containing a consensus sequence recently identified in human intestinal mucin. One of the isolated clones, AMN-22, has been characterized extensively. The cDNA sequence of this 884-bp fragment was determined, and revealed a tandem repeat structure rich in threonine and proline residues. The repeating sequence of AMN-22 was similar but not identical to that determined for gut mucin.
Introduction
Mucus obtained from the lumen of airways is a complex product made up of secretions produced by a number of different epithelial cells, as well as variable amounts of nucleic acids, lipids, and cell debris. The bulk ofthe secreted product derives from submucosal glands, goblet cells, and clara cells, and the basic composition of mucus is 95% water, 1% protein, 0.9% carbohydrate, and 0.8% lipid (1) . The protein component contains variable amounts of protein transudated from serum, serous gland-derived lactoferrin, lysozyme, and locally produced immunoglobulins of various classes. The unique rheological properties of mucus, however, are determined by the presence of heavily glycosylated macromolecules known as mucus glycoproteins or mucins.
Over the past decade, a number of laboratories have initiated characterization of the airway mucin from normal, asthmatic, chronic bronchitic, and cystic fibrosis sputa, as well as mucins from the submaxillary gland, intestine, and reproductive tract (2) (3) (4) (5) (6) (7) . Much debate arises from a lack of consensus about methods of purification and criteria for purity of mucins. The size of the mucin family is unknown. Generally, there is agreement (reviewed in reference 7) that the core polypeptides of mucins are enriched in the hydroxy amino acids threonine and serine, and that up to 80% of the apparent molecular weight of the mucin is 0-linked carbohydrate moieties. Typical molecular weights for mucin macromolecules range from 105 to 106 D. Because these chemical features thwart analysis by classical protein chemical techniques, the size of the mucin monomer is unknown at present as is the number of unique gene products termed "mucins".
Recently, partial cDNAs for mucins from the submaxillary gland and intestine and breast have been cloned using antisera recognizing the deglycosylated core protein (8) (9) (10) . In each instance, a tandem repeat structure was observed, although each mucin possessed a unique primary structure. The tandem repeat motif may be explained in terms of the function of the polypeptide as a scaffold for the carbohydrate moieties, which impart the biological properties to the macromolecule.
A comparison of the amino analysis of human intestinal mucin ( 11) with those determined for human tracheal mucins (4-6) reveals a pattern not shared with mucin isolated from submaxillary gland (8, 12) . Both lung and intestinal mucins have a predominance of threonine over serine residues, with abundant proline content. Submaxillary mucin, distinctly, is enriched in serine relative to threonine. Although lung and intestinal mucins have always been assumed to be unique molecules, because of the similarities in amino acid composition between lung and intestinal mucins, we constructed and screened a cDNA library from cystic fibrosis trachea using a synthetic oligonucleotide based upon the intestinal mucin tandem repeat. We Polyadenylated RNA was purified using oligo-dT cellulose (14) , and cDNA was synthesized using oligo-dT primers with avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim Biochemicals). Second strand synthesis followed the method of Gubler and Hoffman, (15) (16) . The adapted cDNA was precipitated with ammonium acetate and ethanol, and residual adapters were removed by passing the cDNA over a 1.2-ml column of Sephacryl S-400 which had been preequilibrated in 10 mM Tris buffer containing 1 mM EDTA and 0.1 M NaCI. The partially size-fractionated cDNA was next sized using potassium acetate gradients (16), and material < 500 bp was discarded. The sized cDNA was ligated into the COS cell expression vector pCDM8, which was the generous gift of Dr. Brian Seed, Harvard Medical School. The plasmid library was transformed into MC 1061 p3, and the library plated onto nitrocellulose filters. The master filters were replica plated, and the masters frozen at -20°C after soaking in 15% glycerol in LB broth. The library was found to contain 5 X 10' independent recombinants by miniprep analysis.
Library screening. An antisense 30-mer oligonucleotide corresponding to the sequence TTTTVTPTPT (5'-tgt tgg ggt tgg ggt cac cgt ggt ggt ggt-3') (9) was synthesized and labeled with polynucleotide kinase (New England Biolabs, Burlington, MA) and 32P-ATP. Replica filters of the original library were grown for 12 h at 37°C, and the colonies lysed by placing the filters colony side up for 10 min on a sheet of Whatman paper saturated with 0.5 M NaOH-1.5 M NaCl. The filters were neutralized in a similar fashion using 0.5 M Tris-1.5 M NaCl (pH 7.0), air dried, and then baked 2 h in a vacuum oven at 80°C. Baked replicas were prehybridized for several hours in 50 ml 6X standard sodium citrate (SSC), 0.1% SDS, 0.2% Denhardt's solution, and 50 yg/ml each tRNA and boiled salmon sperm DNA. -107 dpm labeled oligonucleotide probe was then added and incubated at 42°C overnight. Filters were washed three times for 10 min each in 500 ml 2X SSC-0. 1% SDS at room temperature, then for I h at 68°C with 0.5X SSC-0. 1% SDS and vigouous agitation. Dried replicates were exposed for 48-72 h with Kodak X-Omat film and an intensifying screen at -70°C.
1. Abbreviations used in this paper: CF, cystic fibrosis; CFTR, CF transmembrane conductance regulator.
DNA sequencing. Clones hybridizing with the synthetic oligonucleotide probe were isolated and plasmid purified using CsCl gradients (17) . Plasmids were screened by sequencing both strands from polylinker primers using the dideoxynucleotide technique with a doublestranded sequencing protocol (Sequenase Version II) provided by United States Biochemical Corp., Cleveland, OH. Clone AMN-22 was excised from pCDM8 and subcloned in both orientations into pBluescript SK-. Nested deletion clones (18) were prepared using exonuclease III and S1 nuclease (Promega Biotec, Madison, WI). Extensive sequence analysis of these subclones from both orientations established the sequence of AMN-22.
RNA and genomic DNA hybridization. 5-20 ,ug of total RNA prepared by the guanidine-CsCl method (13) was denatured with formaldehyde and formamide, and electrophoresed through 1.2% agarose gel containing formaldehyde (17) . CF trachea RNA was obtained from an autopsy specimen as previously described. CF bronchiectatic lobe RNA was obtained from tissue frozen at -70°C immediately at time of lobectomy. U937 lymphoma cell RNA was prepared from freshly cultured cells. Ulcerative colitis colon RNA and human stomach RNA were obtained from specimens obtained within 30 min of resection, and were obtained as purified RNA as the generous gift of Dr. Chris Stevens, Beth Israel Hospital and Harvard Medical School. Duplicate lanes were stained with ethidium bromide to mark position of 18 and 28 S RNA. RNA was transferred to GeneScreen Plus membranes by blotting with lOX SSC. Genomic DNA was prepared from the peripheral blood of a family with no history of CF, laboratory personel, or patients with documented CF. 7.5-,ag samples of genomic DNA were digested to completion with restriction enzyme (Sau 3a, Eco RI, Hind III, Hph 1,) in a 50-Ml reaction mixture at 37°C for 18 h. Samples were electrophoresed through a 1% agarose gel, and blotted as described above. Transferred nucleic acids were prehybridized at 42°C in 50% formamide, 1% SDS, I M NaCI, and 10% dextran sulphate (Pharmacia Fine Chemicals, Piscataway, NJ) for 2-18 h and were then probed with 5 S X 105 dpm/ml of clone AMN-22 which had been labeled with 32P-dCTP using the random primer method (Boehringer Mannheim kit). Blots were washed with 2 X 100 ml 2X SSC at room temperature, 2 X 200 ml 2X SSC-1% SDS at 65°C for 30 min, and finally with 2 x 100 ml 0.1 X SSC at room temperature. Autoradiographs were prepared using Kodak X-Omat film and an intensifying screen at -70°C for 2-24 h.
Results
Isolation ofcysticfibrosis tracheal mucin cDNA clones. Highquality RNA was isolated from CF tracheal tissue, despite the potential autolysis and presence of a chronic exudate in the specimen. When screened with an oligonucleotide designed after a portion of the consensus sequence recently described for human intestinal mucin (9) , 47 strongly positive duplicate clones were identified, with many other clones less strongly hybridizing. 10 clones were initially selected and colony purified. These clones contained inserts ranging from 0.75 to 1.5 kb. Each clone was screened by sequencing both strands from either polylinker region. Eight ofthe 10 clones contained similar or identical sequence at both terminii, and thus appeared to contain a repeating structure. Two clones contained repeat units at their 5' end and polyadenylated tracts at the 3'-terminus, but the sequences of these clones differed at the 3' region. They are being analyzed separately at this time. Of the remaining eight clones, one ofthese, AMN-22, was selected for further characterization. Restriction analysis revealed that the repeating unit contained sites for the restriction enzymes Hph I and Taq hIa. When clone AMN-22 was digested with Hph I, the insert was completely digested, leaving only vector-derived fragments when analyzed by agarose gel electrophoresis. This result (not shown) indicated that the entire cDNA consisted of repeating units.
Sequence analysis ofAMN-22. Because a repeating structure was anticipated from the restriction analysis, the only sequencing strategy available required the production of nested deletions. AMN-22 was subcloned into pBluscript phagemid at the Xba I site in both orientations relative to the T7 primer. Nested deletions were prepared using the Kpn I and Bam HI sites 5' to the cDNA. In this fashion, the T7 primer was used for all dideoxy sequencing reactions. The sequence of AMN-22 is presented in Fig. 1 .
RNA analysis. RNA isolated from CF trachea, CF lung parenchyma (bronchiectatic lobe), lymphoma cell line U937, ulcerative colitis colon, and human stomach was probed with AMN-22 cDNA. As shown in Fig. 2 A, a polydisperse message . Two additional RNA samples expected to contain a mucin message, as well as a negative control, were analyzed. As shown in Fig. 2 B, an extremely strong signal (12-h exposure) was seen in the ulcerative colitis colon RNA, whereas stomach and U937 RNA did not hybridize to AMN-22 cDNA.
Genomic DNA analysis. Genomic DNA prepared from lymphocytes of four healthy volunteers or four patients with CF was digested with HphI, Sau 3a, Hind III, or Eco RI. In each instance, a single band > 12 kb was seen with Eco RI, and digestion of genomic DNA with Hph 1 revealed no fragments hybridizing with AMN-22 cDNA (data not shown). Analysis of five individuals (three CF, two non-CF) whose DNA was digested with Hind III showed a single band at > 12 kb in four cases; one individual showed two fragments. To ascertain the nature of the latter polymorphism, Hind III-restricted genomic DNA from the parents of the control subject was probed. As shown in Fig. 3 A, one parent had the single Hind III fragment at > 12 kb, whereas both the smaller fragment at 12 kb, and the common > 12-kb band were present in the other parent. To clarify this observation, the kindred was next probed after digestion of genomic DNA with Sau 3A. As shown in Fig. 3 (9) . As shown in Fig. 4 RNA analysis. The RNA obtained from autopsy CF trachea was of high quality, which was surprising given the chronic airway bacterial infection and the time elapsing before the tissue was frozen in liquid nitrogen, 4 h. As shown in the inset to Fig. 2 , ribosomal RNA bands were sharp. Additionally, we have cloned a -3-kb cDNA for neutral metalloendopeptidase (E.C. 3.4.24.11) from the library used in this study; this cDNA hybridizes to a prominent 5.2-kb message which is undergraded in the CF tracheal RNA (H.Iijima and C. Gerard, unpublished data). Thus the polydisperse message length of CF tracheal mucin does not appear to represent degraded message. The mechanism by which this occurs may be a consequence of alternative splicing involving a repetitive motif, where the donor and acceptor splice junctions themselves may be repetitive.
The mucins purified from lung and gut have long been known to be polydisperse with respect to molecular weight, and this has been attributed to variations in the 0-linked oligosaccharide length, as well as proteolysis and shearing of the molecule during isolation ( V T P T P T P T 70 T V T P T P T P T 90 T V T P T P T P T
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T. V T P T P T P T 130 T V T P T P T P T T V T P T P T P T 180 T V T P T P T P T 200 T V T P T P T P T n1 T V T P T T M V T P T Tandem repeatingstructure   250 for CF tracheal mucin. Protein se-P T I TS T Q T P 270 quence deduced for the core protein for P T P T S T Q R T the cDNA fragment AMN-22 is aligned P T to optimize the repeat structure. Deletions have been inserted to preserve se-P T P T 2 T Q T p quence identities. The sequence for the tracheal and intestinal mucin fragments P T P T G T Q T P' (9) Relationship oftracheal mucin to cysticfibrosis. The recent molecular cloning of the CFTR molecule (19) does not shed immediate light on the relationship of this molecule to the mucus inspissation seen in CF. One hypothesis which may relate the primary defect to the mucins is as follows. Goblet cells secrete mucins into exocrine ducts and lumena of all tissue affected in CF, including the gall bladder, testes, pancreas, lung, and bowel. After biosynthesis, the mucins are packed into secretory granules in a condensed form in the goblet cell. As Donnan polyelectrolytes (21), the mucins swell in hydrated environments as a function of pH and ionic strength. Conversely, the mucins condensed in secretory vesicles would require a high concentration of cation to neutralize their anionic properties, and exocytosis itself may depend on swelling of the granule by ion currents which disturb the Don-nan equilibrium of the vesicle (21). The exocytic granule may thus require the proper functioning of CFTR, perhaps the granule membrane itself contains CFTR. If the Donnan equilibrium is not maintained within the CF exocytic granule a tonic secretion of granules might result. The altered salt and water content of the extracellular lumena might then contribute to inspissation of oversecreted mucin, leading to the obstruction classically associated with CF pathology. A similar epiphenomenon has been proposed for the increased sulfation in CF epithelial glycoconjugates, where abnormal sulfate ion transport resulting from linkage to the chloride flux allows for increased availability of sulfate for mucin modification (22) . These epiphenomenon might together create the niche which favors colonization of the airways with bacterial organisms.
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